The lepton flavor violating decay of the Standard Model-like Higgs (LFVHD) is discussed in the framework of the radiative neutrino mass model built in [17] 
I. INTRODUCTION
The confirmation of the existence of a scalar boson, known as the Standard Model (SM)-like Higgs, is the greatest early success of the LHC [1, 2] . In addition, the LHC has reported recently some significant new physics beyond the SM where the LFVHD h → µτ is one of the hottest subjects [3] . The upper bound Br(h 0 → µτ ) < 1.5 × 10 −2 at 95% C.L. was announced by the CMS Collaboration, in agreement with 1.85 × 10 −2 at 95% C.L. from the ATLAS Collaboration. More interestingly, the CMS has indicated a 2σ excess of this decay, with the value of Br(h → µτ ) = 0.84
+0.39
−0.37 %. Besides, two other lepton flavor violating (LFV) decays of the SM-like Higgs have set experimental upper bounds at BR(h → eτ ) < 0.7% and BR(h → eµ) < 0.036% at 95% C.L. [4] . Theoretically, many publications have studied how large the BR(h → µτ ) can become in specific models beyond the SM, such as the seesaw [5, 6] , supersymmetry (SUSY) [5, 7] , two Higgs Doublet [8, 9] , and 3-3-1 models [10] , as well as other interesting ones [11] [12] [13] . The LFV decay of new neutral Higgs bosons in non-SUSY models has also been discussed [14] . The significance of LFVHD in colliders was addressed in [15] .
The first source of LFV decays results from the mixing of different flavor massive neutrinos [16] . The simplest models explaining the mixing and masses of active neutrinos may be the seesaw models, but the BR of LFV decays predicted by these models are very small. Perhaps the inverse seesaw model gives the largest BR, which is about 10 −5 [6] . All of the SUSY models, even the Minimal Supersymmetric Standard Model, easily predict large values of the BR of LFVHD with new LFV sources in the slepton sector. However, the particle spectra of these models are rather complicated. In contrast, recent studies have shown that many of non-SUSY models inheriting simpler particle spectra can predict very large BRs of the LFVHD at one loop level, satisfying all relevant experimental constraints. Some of these models even have tree level couplings of LFVHD, and they simultaneously explain other interesting experimental results [8] .
There is another class of models, where neutrino mass is radiatively generated, that can predict large BRs of the LFVHD. These models do not have active neutrino mass terms at tree level, but they contain LFV couplings of new particles such as scalars and new leptons in order to generate neutrino masses from loop contributions. There is an interesting property that the loop suppression factors appearing in the expression of neutrino masses lead to the alleviation of the hierarchy in couplings. Hence the aforementioned models will allow large Yukawa couplings, which may result in large BR values for many LFV processes. By investigating a specific model with three loop neutrino mass introduced in [17] , we try to make clear how large the BR of LFVHD can reach in the allowed regions. Furthermore, the contributions from active neutrino mediations may be enhanced because the GlashowIliopoulos-Maiani (GIM) mechanism does not work. Using the 't Hooft-Feynman gauge where loop contributions from private Feynman diagrams are all finite, we can compute and compare them. As a result, the best regions for large BRs of the LFVHD can be found with precise conditions of free parameters. The contributions from active neutrino mediations are divided completely into independent contributions of W ± and new singly charged Higgs bosons. As we will see later, the active neutrino loops in the radiative neutrino mass model may give significant contributions to LFV processes. This is different from all of the other models, where these contributions are either ignored; or are difficult to estimate when active neutrinos mix with new leptons, as in the case of the (inverse) seesaw models.
Our paper is arranged as follows. Section II will collect all needed ingredients for calculating the BR of the LFVHD. Section III concentrates on detailed expressions of the LFVHD amplitudes and partial widths. The constraints given in [17] will be discussed to find the allowed regions of parameter space. A mumerical discussion is conducted and the main results are summarized in Secs. IV and V. Finally, the Appendices A and B list analytic expressions of Passarino-Veltman (PV) functions and LFVHD form factors. The divergence cancellations of particular one-loop Feynman diagrams in the t' Hooft-Feynman gauge are proved in Appendix B.
II. REVIEW OF THE MODEL
A. Particle content Following Ref. [17] , the particle content of the model is listed in as negative parity particles. The remaining particles are trivial. An interesting consequence is that the lightest Majorana neutrino, which has negative parity, will be stable and can be a dark matter candidate.
Lepton Fields
Scalar Fields The Yukawa sector L Y respecting all mentioned symmetries is given as
In addition, when symmetries are broken an effective Yukawa term appears after we take into account the loop contributions for generating active neutrino masses, namely,
corresponding to the active neutrino mass term derived in [17] .
The Higgs potential is
The scalar fields are parameterized as
convenient forms, we will use equalities like e [20] ).
B. Mass spectrum and LFVHD couplings
In the mass basis, the model consists of two CP-even neutral Higgs bosons; a Nambu- 
where c α ≡ cos α, s α ≡ sin α, and α is defined as
The masses m h and m H are functions of the four parameters λ Φ , λ Σ , λ ΦΣ and v ′ . In the following calculations, we will fix m h = 125.1 GeV while m H , s α and v ′ are taken as free parameters. The original parameters are given as [17] 
, and λ Σ = s
The perturbativity limit forces λ Φ , λ Σ , λ ΦΣ ≤ 4π, therefore gives an upper bound on m H with a large s α . For example, |s α | ≤ 0.3 corresponds to m H ≤ 4 TeV.
The masses of the singly charged Higgs bosons are given as
Regarding the lepton sector, the first and last terms in (1) correspond to the mass terms of charged leptons and exotic neutrinos, respectively. They are assumed to be diagonal, i.e., the flavor basis and mass basis coincide. Their expressions are obtained as
The active neutrino masses generated from three loop corrections can be expressed by the effective term (2) . The components of active neutrino mass matrix are given as [17] (
All of the mass terms-together with couplings hf f , where f = e i , ν i and N i -are parts of Yukawa terms of neutral Higgs bosons. The flavor states ν
and mass states ν L i (i = 1, 2, 3) of active neutrinos are related by the transformation ν
The masses and mixing angles of the active neutrinos are taken from the best-fit experimental data given in [19] . The only unknown parameter is the lightest mass.
Concerning only on the mass terms and couplings involving the LFVHD of the SM-like
Higgs boson, the Yukawa interactions (1) and (2) are written as follows:
The LFV couplings relating to the W ± gauge boson only occur in the covariant kinetic terms of SU(2) L doublets, exactly the same as in the SM, namely,
where D µ is the covariant derivative defined in the SM. All relevant couplings of the LFVHD are collected in Table II .
C. Parameter constraints from the previous work
For calculating the BR of the LFVHD, in the following sections we will mainly use the constraints of parameters obtained in [17] . The important points are reviewed as follows.
The parameters in the model were first investigated to ensure that they satisfy the neutrino Vertex Coupling Vertex Coupling oscillation data, the current bounds of the BR of the LFV processes, the universality of charged currents, and the vacuum stability of the Higgs self-couplings. In addition, the doubly charged Higgses k ±± are assumed to be light enough that they could be detected at the LHC. The constraints on parameters involving with the LFVHD are (i) the Dirac phase of the active neutrino mixing matrix prefers the value of δ = π, while the Majorana phase is still free;( ii) the masses of singly charged Higgs bosons should not be smaller than 3 TeV;
(iii) the value of |(y R ) 22 | should be around 9; (iv) the value of v ′ should be on the order of O (1) TeV. The investigation in [17] also showed that the heavier doubly charged Higgs bosons k ±± will allow the lighter singly charged Higgs bosons. This leads to an interesting consequence of large values of the BR of the LFVHD as we will show in the numerical investigation.
The constraint from the LHC Higgs boson search was also discussed in [17] , including the effects of the U(1) global Goldstone boson in the invisible decay of the SM-like Higgs bosons and the pair annihilation of the dark matter (DM) candidate N R 1 . From this, the constraint of mixing angle of neutral Higgs bosons is obtained as | sin α| ≤ 0.3. Finally, the condition of DM candidate mentioned above leads to the conclusion that the N R 1 mass should be around the value of m h /2 in order to successfully explain the current relic density of DM; the VEV v ′ was found smaller than 10 TeV.
Many other issues involving with global U(1) Goldstone boson were discussed in detail in [17] , for instance, anomaly-induced interaction to two photons, active-sterile neutral lepton mixing, and neutrinoless double beta decay via W exchange. Possible bounds from cosmological issue, such as the effect on cosmic microwave background via cosmic string generated by the spontaneous breaking down of the global U(1) symmetry, were also mentioned. None of these issues change the constraints of parameters indicated above. Though new constraints on DM masses in the presence of U (1) global symmetry were addressed in [29] , more studies are needed for confirmation. Furthermore, the considered global symmetry can be moved straight to the local one [17] , or replaced with a suitable discrete symmetry. This discussion is beyond the scope of this work.
In the next section, we will focus on parameters affecting the LFVHD and will discuss more clearly the relevant constraints if ones are needed.
III. FORMULAS OF LFVHD AND PARAMETER CONSTRAINTS
The effective Lagrangian of the decay
, where ∆ L,R are scalar factors arising from the loop con-
, where
are the Dirac spinors of a muon and a tauon, respectively.
The partial width of the decay is given as
with the condition m h ≫ m 1 , m 2 , where m 1 , m 2 are muon and tauon masses, respectively.
The on-shell conditions for external particles are p 
where
The contribution from exotic neutrino mediations ∆ N L is given as
Similarly, we have
As proved in Appendix B, the ∆ L,R are convergent. Specifically, in the 't Hooft-Feynman gauge, the private contributions from specific diagrams are always finite. In addition, the limit p Besides, it can be estimated that the sum of contributions in the two last lines in (14) is very suppressed, because of the GIM mechanism, controlled by the factor
This is a general property of all models where the neutrino masses are generated from the seesaw mechanism. Whereas the contributions in the first lines of (14) and (15) may be large because the appearance of the y L and y R breaks the GIM mechanism, non-zero contributions survive which do not contain factors of very light of neutrino masses.
In the numerical calculation, the following parameters are taken from experimental data, for example [22] : v ≃ 246 GeV, m h = 125.1 GeV, m W = 80.4 GeV, and the muon and tauon masses are m µ = 0.105 GeV, m τ = 1.776 GeV. The total decay width of the SMlike Higgs bosons Γ h = 4.1 × 10 −3 GeV is used. Based on the investigation of [17] , relevant parameters of the active neutrino masses are only considered in the normal hierarchy scheme.
In particular the mixing parameters U L are expressed as follows
where c ij ≡ cos θ ij , s ij ≡ sin θ ij and the Dirac CP phase δ and the Majorana CP phase φ are taken as δ = π and φ = 0. The best-fit values of neutrino oscillation parameters given in [19] ∆m 2 , m H ; the Yukawa coupling matrices y L and y R ; and the trilinear Higgs
In the numerical investigation, we focus first on the most interesting regions of the parameter space indicated in [17] , where m N 1 plays the role of a DM particle and doubly charged Higgses k ±± are light enough to be observed at the LHC. The values of the relevant parameters are summarized as follows: 
and |(y L ) 23 | ≤ 1. The conditions of gauge coupling universalities also imply that
The most stringent constraint comes from the LFV decay of muon with Br(µ → eγ) < (11), (21), (31)} is small enough, the values of (y T R ) ij with (ij) = { (22), (32), (33)} may be large, without any inconsistence in the upper bounds of the BR in the LFV decays of charged leptons. In order to find the reasonable regions of parameter space, the upper bounds must be checked in the formula given in [17] :
where (i, f ) = (µ, e) = (2, 1), C if = 1.6 × 10 −6 and many notations including
′ 2,a ) are defined in detail in [17] . For simplicity, we mention only the following special cases. In the limit 0 ≃ m νa ≪ m h
While a very large m Na gives I 
This constraint of |(y L ) 23 | is consistent with the numerical investigation done in [17] , where
TeV prefers (y L ) 23 = 0.5−0.6 < 0.7 ≃ 4.8×0.15. Interestingly, the first inequality in (22) is more strict than the one given in (19) . The second constraint in (22) suggests that with the promoting regions indicated in [17] . But the absolute values of (y R ) 22 and (y R ) 23 should be smaller than the perturbative upper bound 4π.
Another relevant constraint is the small upper bound of the BR(µ → 3e). Following [17] , all form factors relating with (y R ) ij contain at least three factors (y R ) i1 or (y R ) 1i . Therefore Combining the above discussion with the analysis in [17] , the reasonable values of the free parameters can be chosen as follows:
with at least one of the indices, i or j being 1. We would like to stress that the above choices are also based on the following additional reasons. The values of (y L ) 23 and (y R ) ij always satisfy all recent bounds of the BR of the LFV decays of charged leptons (22) as well as gauge coupling universalities (19) . The λ parameter is positive and small enough to satisfy both conditions of perturbative limit and vacuum stability, whereas it is large enough to enhance the BR of LFVHD.
To investigate the variance of BR(h → µτ ) versus the changing of free parameters, the ranges of free parameters will be chosen as follows: |s α | ≤ 0.4, 0.1 < λ < 10, |y
, v ′ < 10 TeV and 0.5TeV ≤ m N 2 ≤ 6 TeV.
IV. NUMERICAL RESULT AND DISCUSSION
In this section, we will first investigate some private contributions to the BR of the LFVHD, namely the active neutrino loops with W ± / h ± 1 bosons, and the exotic lepton loops. Based on this, the parameter space regions which give the large total contribution will be further studied. In this calculation, m N 2 ≥ 400 GeV and the Nh The heavy neutrinos may be detected in the future lepton colliders [28] .
The singly charged Higgses are now being searched by experiments [22, 25] . However, in the model considered, none of them are their targets, because they only couple with leptons. In addition, the h ± 2 hold negative parities and hence cannot decay to only normal leptons. We also believe that the condition (22) is enough to guarantee for constraints of LFV processes without the need for singly charged Higgs bosons that are too heavy. Hence, the mass around 1 TeV of h ± 2 is reasonable for stability of the lightest N R 1 as a DM candidate.
V. CONCLUSION
Radiative neutrino mass models are interesting ones for explaining the tiny masses of active neutrinos. In the model introduced in [17] , the new parameters that generate neutrino masses radiatively are strongly constrained from recent experimental data such as neutrino . One more interesting property is that the contribution of virtual active neutrinos may be large if the upper bound (22) is ignored. When this bound is considered the private contributions of νh
to Br(h → µτ ) are around 10 −10 , which is much larger than values predicted by canonical seesaw models and [10] . In models with more than three-loop neutrino mass such as [27] , the bound (22) may be released. We then guess that the active neutrino contributions can reach 10 −7 or
higher, and hence they should not be ignored. Inclusion, more precise predictions can be worked out after the updating of data from the near future experiments. 
where B
0,1 and C 0,1,2 are PV functions. It is well known that C i is finite while the remains are divergent. We define ∆ ǫ ≡ 1 ǫ
where γ E is the Euler constant. The divergent parts of the above scalar factors can be determined as
The finite parts of the PV-functions such as B-functions depend on the scale of µ parameter with the same coefficient of the divergent parts.
The analytic formulas of the above PV-functions are 
The expression of b
where x k , (k = 1, 2) are solutions of the equation
The C 0 function was given in [10] consistent with that discussed on [21] , namely
Li 2 (z) is the di-logarithm function, x 1,2 are solutions of the equation (A6), and x 0,3 are given
For simplicity of calculation we use approximate forms of PV functions where p
0 and
Appendix B: Form factors for LFVHD in t ' Hooft-Feynman gauge In this section we will list all factors for calculating LFVHD in the model considered.
The calculation is done in the t' Hooft-Feynman gauge. The Feynman rules are given in Fig. 7 . These factors were cross-checked using FORM [24] .
Contribution from Fig. 1 a) :
Contribution from Fig. 1 b) :
ab and (y T R ) ab for active and exotic neutrinos, respectively; iii) f = e a , ν a , N a , F a = ν a , N a .
and B Contribution from Fig. 1 c) :
where 
and B Contribution from Fig. 1 d) : 
and C i ≡ C i (m W , m νa , m νa ).
Contribution from Fig. 1 f) :
where C i ≡ C i (m S , m a , m a ), V = U L , K , m a = {m νa , m Na } for S = {G w , h 1 , h 2 }; and
Contribution from sum of Figs. 1 g) and 1 h): 
where B 
The divergence cancellation of the total amplitudes of the LFV decays is proved as follows.
The divergences appear only in the expressions listed in (B3), (B5), (B13) and (B15). The expressions in (B3) and (B5) will vanish after inserting them into (B2) and (B4), where the GIM mechanism works. The divergences in each contribution given in (B13) and (B15) cancel each other because Div[B
1 ] = −Div[B
1 ]. Furthermore, the limit p 1 ; therefore all of the aforementioned contributions are very suppressed.
